Abstract-The diffusion of modern electric trains equipped with high-power voltage-source converters has introduced new dynamic interactions with the ac traction power system that may create unexpected low-frequency oscillations (LFOs). This paper presents for the first time a detailed analysis of the operating conditions of electric trains and a traction network, revealing that specific changes in the operating conditions of the train-network system are responsible for the oscillations and may lead to instability. The study is carried out with an analytical dynamic model considering the transient direct current control and focuses on evaluating how the mismatch between the parameters of the controller and the controlled object of the train-network system affects the system dynamics and stability. It is shown that the retuning of controller parameters improves the dynamic performance and the stability of the train-network system, and hence an adaptive mitigation method is proposed to mitigate LFOs adopting a new design of the controller with minimal change and cost to the original system, which provides a simple solution to guide engineering practice in railway traffic. Simulations and experimental results are presented to fully validate the proposed method.
I. INTRODUCTION

I
N RECENT years, modern electric trains, especially highspeed and high-power trains, have been widely adopted around the world. However, with the widespread use of these trains, stability issues have arisen at the point of connection of trains to the ac traction network system [1] , [2] . In particular, low-frequency oscillations (LFOs) of the train-network system have been reported in several countries [3] , [4] , which have adverse impacts on the normal transport operations and the safety of electric railways.
train-network system of China Railway High-speed (CRH) [8] . Then, the impedance-based method [9] , [10] is introduced to suit for the train-network system. The impedance model of the traction network and trains in the static reference frame are deduced, respectively, in [7] . As to the single-phase characteristic of the traction power system and the dq decoupling vector control of the traction converter, Liao et al. [11] focused on the dq-frame impedance modeling and proposed an impedance measurement method based on the Hilbert transform. Although the aforesaid different kinds of system modeling and stability analysis have been adopted to investigate the special LFO phenomenon in the ac electrified railway, these research works pay more attention to the dq control of the traction converter. Unfortunately, the transient direct current control is rarely reported.
The mismatch between the parameters of the traction power system and the train control system has been briefly mentioned in [12] and [13] , but there is no in-depth understanding of the reasons behind the oscillations. Other research works pay close attention to the control system design and the control strategy [14] , [15] of single-phase four-quadrant pulsewidth modulation (PWM) converters (4QC), with reference to specific power circuits and required control characteristics under rated conditions, but only a few papers have attempted to understand the origin of LFOs considering the power circuits and control systems simultaneously. A mathematical model for 4QC is derived in [14] from the state-space equations. From this model, a stability analysis method that includes the current control of the converter has been implemented in [16] . However, the existing controller design and dynamic performance analyses of the converter take into account only the rated condition or a sudden change of the load, but pay little attention to the behavior of off-rated working conditions, especially for the presence of multiple and shared converters.
The solutions in terms of LFO mitigation can be categorized into methods looking at the power supply system side and the train side [7] . For the power supply side, Qionglin [12] and Jiang et al. [17] proposed either the installation of voltage stabilizers in the substations or the capacity upgrade of the traction transformer. In addition, the active compensator added in the substation is put forward in [18] and [19] . The train side mainly considers the influence of train numbers and control [20] , [21] . It has been found that a reduced number of trains simultaneously connected to the catenary reduces the severity of LFOs, but results in losing the capacity and the flexibility of the transport system, and thus can be used only as a temporary emergency plan. The other approach is based on a modification of the operating mode of 4QC using a diodebridge rectification circuit [22] . Besides, Wang et al. [8] presented an additional power oscillation damping module in the converter control system, but the complex load characteristic leads to difficulties in practical implementation. Another major aspect adopts the new control strategy to replace the conventional control path, such as multivariable control [6] , autodisturbance rejection control [23] , passivity-based control [24] , and so on. As all the previous proposals require substantial investments in the system infrastructure and a thorough control design of the actual train-network system, the real effects for mitigating LFOs need to be verified further and maybe induce new problems. Therefore, it is necessary to explore more appropriate mitigation methods based on the smallest possible changes to the original train-network system.
C. Original Contributions and Organization of This Paper
This paper presents a comprehensive analysis on the stability impact of the train-network system under operating conditions different from the rated one. LFOs are analyzed by a new small-signal model of the train-network system adopting transient direct current control. The small-signal model is used to investigate the causes and the dynamic effects of LFOs for real operation conditions (multiple trains and light load) and clearly reveal the mismatch between the actual controller and the control object, which can provide a theoretical explanation for the LFO occurrence in the ac electric railways. Moreover, the stability and dynamic performance analyses with Bode and eigenvalue plots are undertaken to explore the effects of control parameters. This allows a better understanding of the laws for tuning the controllers and developing a practical way for mitigating LFOs. Finally, a new adaptive mitigation scheme with minimal impact on the original system is proposed to select the suitable parameters for the controller according to the actual load power, which has theoretical and practical meanings to further guide the engineering mitigation of the LFO for the railway traffic.
The remainder of this paper is organized as follows. Section II presents the field measurement results to identify the common characteristics of LFOs and indicates the requirements for the system analysis. Then, the small-signal modeling procedure of the train-network system is formulated in Section III. This is followed by the system stability and dynamic performance analyses with actual working conditions in Section IV, where the influence of different working conditions is investigated and the mismatch mechanism is presented. Section V discusses the parameter tuning of the controller and proposes the adaptive mitigation on LFOs, which are verified by simulations and experiments. Finally, the conclusions are drawn in Section VI.
II. FIELD MEASUREMENTS AND COMMON CHARACTERISTICS OF LFOS
Field tests have been organized to reproduce the LFOs on the real electric railway in China, as shown in Fig. 1(a) for normal conditions and in Fig. 1(b) for LFO conditions. According to the tests and the related reports [25] - [27] , the common characteristics of LFOs can be summarized as follows.
1) When the LFO occur in an ac railway traction power system, the instantaneous value envelopes of the line voltage, current, and dc-link voltage in the train-network system all show a low-frequency (0.6-7 Hz) fluctuation with constant amplitude and frequency. 2) LFOs usually occur under special loading conditions of the train-network system. In China, this happens when multiple trains are parked in the depots but still connected to the traction network and drawing power only for auxiliary loads (light load condition). 3) The presence of LFOs is related to the number of trains. The magnitude of the fluctuation gradually increases with the growth of the train number and becomes visible when there are at least 5-8 trains. 4) Such oscillations cause tripping of protections and disconnection of the trains, with substantial delays to check for any anomalies of the traction system. 5) Basically, there are two types of trains using different control schemes that cause LFOs, one with dq decoupling control and the other with transient direct current control. 6) In the trains causing LFOs, the auxiliary system draws power directly from the dc-link through the main traction rectifier (shared converter connection type, the auxiliary system sharing the same traction converter with the main traction drive system), as shown in Fig. 2(a) . No issues are caused by trains using an independent converter for the auxiliary loads, as shown in Fig. 2(b) . The field tests also reveal that during LFOs the direction of the power changes periodically, thus the outer voltage loop and the inner current loop of the traction converter fail to reach the desired references. As the controller is designed for the rated operating condition, for the shared converter connection type, the controller of the main traction rectifier is designed based on the total rated power of the auxiliary system and the propulsion load. However, the LFO occurring under special working conditions (low power only for the auxiliary system and the power of propulsion load is zero), the actual output power of the main traction rectifier is very small in comparison with the rated load power, which will severely deteriorate the system stability and dynamic performance. Thus, the mismatch between the controller and the actual working condition (multiple trains and low load, i.e., off-rated working condition) may be the possible reason for this phenomenon. The characteristics of the on-site measurements can be used to develop a suitable small-signal model to interpret the presence of such oscillations and understand how the system stability is affected. Then, the modeling and analyses are based on the above background, and the train model can be developed from the circuit topology of the shared converter connection type.
III. SYSTEM MODELING
A. Assumptions and Equivalent Circuit
The train-network system is represented in Fig. 3 and contains the utility power system, the traction substation, the traction network, and the trains parked at the depot.
Based on the field test reports and literature research [1] , [11] , [28] , the trains are all kept in the preparation Equivalent circuit of the train-network system referred to the secondary side of the traction transformer.
condition and can be seen in the uniform static state. It is assumed that the currents of all the n trains simultaneously connected to the catenary are synchronous [5] , [8] , so that the voltage drop across the equivalent impedance of the power supply side, U , is n times that of one train. This is also equivalent to assume that the equivalent impedance of the power supply is n times greater than the real one, as shown in the following equation:
The equivalent circuit of the train-network system is shown in Fig. 4 . In this figure, the equivalent voltage source u s is the power system source referred to as the secondary winding of the on-board transformer, and hence is u s = u 1 /k, where u 1 is the voltage of the traction network and k is the ratio of the transformer. Z s is the equivalent impedance of the power system referred to as the secondary of the transformer, L n is the coupling inductance of the converter, C d is the dc-link capacitance, and I L is the current drawn by the equivalent load. Without considering the trains as a dynamic load moving on the track [29] , [30] , the train load is equivalent to a static load here based on the actual situation of the LFO. Meanwhile, the traction inverters and the inductive motors are not in operation. The model of the train mainly considered the 4QC, the dc-link, and the equivalent traction load. At this moment, the only traction load is the auxiliary load getting power directly from the dc-link, which can be expressed equivalently using a current source (or equivalent impedance). Furthermore, through the technical manual of the train, the load power of the auxiliary system under the preparation working condition and the dc-voltage can be obtained. Then, according to Ohm's law, the equivalent current (or impedance) drawn by the equivalent load can be calculated. By this way, the modeling of traction load can be used further for the time and frequency domain analyses.
B. Small-Signal Model of Equivalent System
The single-phase 4QC of the load side in the train-network system uses the transient direct current control as shown in Fig. 5 [31] , where dc voltage controller (DVC) denotes the controller of the outer voltage loop and ac current controller (ACC) is the controller of the inner current loop. As the 4QC are two-level converters [32] , there are four different circuit configurations obtained on the basis of the switches' status. Taking the inductive current i n of the ac side and the capacitor voltage u dc of the dc side as the state variables, the state-space equations in the generic condition for the discrete model of the converter are
where L = L s + L n and γ depends on the mode of the converter and can be equal to 1, 0, or −1.
Because of the PWM, there are many communications in a period at the fundamental frequency. Thus, in order to get the continuous model form, γ can be replaced with a time-varying function, γ = m sin(ωt − λ), where m denotes the modulation index and λ is the load phase angle [14] , [16] , [33] . Therefore, assuming a sinusoidal modulated current i n = i sin ωt, (2) can be further rearranged as
where ϕ is the power-factor angle. Substituting the last equation into the first equation of (3) and equating separately the sine and cosine terms, it is
Furthermore, according to the second equation of (3), it is
Therefore, the system can be represented by the following equations:
Then, these equations can be linearized around the steady-state operating point. Indicating the steady-state point with capital letters and the deviation with from the steady-state value,
Substituting (7) into (6), we have
Using the first-order approximations of the Taylor series for the sine and cosine terms
and applying (9) to (8), the steady-state terms of the model are
whereas the small-signal model is given by
Finally, the variation of the dc-link voltage for small changes in the converter current can be written as follows in the Laplace domain using the following equation:
where
The block diagram of the simplified system model is shown in Fig. 6 , in which a proportional plus integral (PI) controller is used for the DVC and G i (s) is the transfer function relating the amplitude of the converter current to the dc-link voltage as given by (12) . The ACC is included in G i (s) and can Thus, the open loop transfer function becomes
Then, the close-loop transfer function can be derived as (14) , shown at the bottom of this page. The initial values of the analysis can be calculated through the phasor diagram shown in Fig. 7 , according to the load power and the theorem of conservation of power.
IV. STABILITY AND DYNAMIC PERFORMANCE ANALYSIS FOR DIFFERENT OPERATING CONDITIONS
This section presents the dynamic performance and stability analyses for different operating conditions using the smallsignal model derived in Section III and the system parameters reported in the Appendix. 
A. Stability and Dynamic Performance Analyses Under Different Working Conditions 1) Effect of the Load Power:
First, in order to check the dynamic performance of a train-network system for rated conditions, i.e., operating at rated power P = 1200 kW, and assuming the equivalent impedance of the power system side as zero, the magnitude and phase diagrams of the transfer function (13) are shown in Fig. 8 marked with circles. The curves illustrate that the controller is well designed for the rated condition as it shows a fast system response and a satisfactory phase margin of 52 • .
Then, with the decrease of the load power, the other curves in Fig. 8 have been plotted to simulate the off-rated working condition. It can be concluded that when P decreases, the phase decreases significantly in the low-frequency range, which will affect the dynamic performance of the system 2) Effect of the Presence of Multiple Trains: Based on the assumption in Section III-A and (1), the multiple train problem can be handled with the condition that the equivalent impedance of the power supply is n times greater than the one train condition. The multiple train problem is equivalently transformed into multiple impedances of the power supply system. According to the traction calculation for the impedance of the power supply side, the value of its resistance is relatively very small in the realm of resistance. Meanwhile, this resistance has a very small influence on the oscillations. Therefore, the impedance of the power system side mainly considers the inductance. Assuming that the converter is lightly loaded (maintaining P = 100 kW), the effects of the inductance L s on the power system side of the converter to simulate the presence of multiple trains are shown by the Bode plot and the eigenvalue plot in Fig. 9 . From Fig. 9(a) , the increase of L s , and hence the number of trains, causes a substantial decrease of the phase margin, at the same time, the phase value in the lowfrequency stage gets smaller and smaller. The primary mission of Fig. 9(a) is just to show the variation trend of the phase margin, and this variation trend decreases linearly with the increase of inductance L s on the power system side (with the increase of train number). At first, the phase margin is about 75 • , when L s is 0 mH. Then, when L s increases to 7.8 mH, the phase margin begins to be of negative value (under 180 • ), which demonstrates that both the dynamic performance and stability become worse.
Furthermore, through the eigenvalue plot in Fig. 9(b) the effect of the train number under the light-load condition on the system stability is quantitatively investigated. It can be seen that the eigenvalues move from the left half-plane (LHP, stability region) to the right half-plane (RHP, instability region) with the increase of L s , and the critical value of the transition from the LHP to the RHP (the value of the inductance L s required to make sure that the eigenvalues are located just on the imaginary axis) is about 7.78 mH (approximately, equivalent to 4 trains), which is in good agreement with the practical case and further demonstrates that the multiple train and light-load conditions can deteriorate the system stability.
As a consequence, although the traction converter can retain stable operations for rated power conditions, the low power consumption and the multiple train condition when the trains are parked in a depot simultaneously can have significant negative effects on the system stability and lead to LFOs in real situations.
B. Simulation Analysis
In order to validate the theoretical analysis described above, the train-network system has been simulated in a MATLAB/ Simulink environment. With reference to a light-load condition of 100 kW, the waveforms of the line voltage, line current, and dc-link voltage are shown in Fig. 10 with different inductances to simulate a different number of trains simultaneously connecting the power supply system.
The results of the simulation show that with a larger inductance, the oscillations have a larger magnitude and are quite evident when L s is 8 mH (approximately equal to 4 trains). Simulations are in good agreement with the theoretical analysis and the field measurement in terms of the frequency and the magnitude of the envelopes of the ac voltage, the ac current, and the dc-link voltage. 
C. Explanation of LFO Occurrence
According to the frequency and time domain analyses, the train-network system can maintain normal operation under the rated working condition. At this moment, the controller and the controlled object of the train-network system can keep matching, as the controller of the train-network system is designed for this working condition. Thus, the train-network system has better dynamic performance and stability. Then, with the change of the working condition (light load and multiple trains), the train-network system is in off-rated working condition. The controlled object will vary with the different working condition, but the controller still remains unchanged. Therefore, the matching relationship between the controller and the controlled objected will be broken down, which can lead to the deterioration of the dynamic performance and stability of the train-network system. This is the reason that the changes in the working condition of the interaction system are responsible for the generation of the LFO and pose risks of instability.
From the above analysis, it is evident that the possible cause of LFOs is the mismatch between the controller parameters of the traction drive system and the actual characteristics (controlled object) of the train-network system, due to the changes in the working condition. This is the meaning of mismatch because the controller is trying to control a system that has different dynamic characteristics and stability from the designed one. Based on the above, the mismatch mechanism of the interaction system can provide a theoretical explanation for the LFO occurrence in the electric railway.
V. TUNING OF THE CONTROLLER PARAMETERS
AND ADAPTIVE MITIGATION According to the analysis in Section IV, it is possible to investigate the effects of parameter tuning and design an adaptive method to guarantee the matching of the interaction system, thus mitigating the problem of LFOs.
A. Parameter Tuning of DVC
The impacts of the parameter variation of DVC are outlined here. The dynamic performance for different proportional constants (K pv ) is shown in Fig. 11(a) . Although there is no substantial variation of the amplitude diagram, the rise of K pv noticeably enhances the phase margin, especially in the low-frequency range between 0.1 and 10 Hz, indicating an improvement of the dynamic performance and stability. The eigenvalue map in Fig. 11(b) explains in detail that the eigenvalues move from the RHP to the LHP with the tuning of K pv from 0.05 to 0.25 and the critical value is about 0.18, which could be able to improve the stability and dynamic performance. Meanwhile, the simulations presented in Fig. 11(c) confirm that the growth of K pv stabilizes system's oscillations.
Furthermore, the effect of the integral coefficient (K iv ) is shown in Fig. 12 . A decrease of K iv causes a climb of the phase margin in Fig. 12(a) , and hence an improvement of dynamic performance and stability. At the same time, Fig. 12(b) shows that the eigenvalues move from the RHP to the LHP with the tuning of K iv from 4 to 0.5, and the critical value is about 1.5. Then, the simulation results in Fig. 12 (c) confirm this as the oscillations become weaker.
B. Parameter Tuning of ACC
Similarly, under this condition, the effect of the proportional constant (K pc ) of ACC can be investigated. It can be found from the Bode diagram in Fig. 13(a) that with the rise of the K pc , both the magnitude and phase change and the phase margin falls significantly. Fig. 13(b) describes the eigenvalue movement from the LHP to the RHP as the K pc increases from 0.01 to 2, and the critical value is about 0.02, indicating a deterioration of dynamic performance and stability. In the simulation, as shown in Fig. 13(c) , when K pc is 1 as the control group, the LFO of the train-network system is very obvious. Then, with the decrease of the K pc to 0.25, the oscillation amplitudes of the train-network system weaken, which can illustrate that the LFO would improve with the decrease of K pc . The tendency of parameter tuning in ACC revealed in the time-domain simulation is the same as that observed from the frequency-domain analysis, which can further validate the correctness and the effectiveness of the analysis.
C. Experimental Verification
An experimental setup of the train-network system shown in According to the set of original parameters and the rated load power, the train-network system can maintain the normal operation. After the equivalent load shedding to simulate the light load working condition (off-rated power working condition), the reproduction of LFOs is shown in Fig. 15(a) , which accords with the fact and the analysis in Section IV. Then, selecting this working condition as the control group, the effects of the controller parameters are verified one by one: 1) with the growth of the K pv (from 0.1 to 3.5), the oscillations become weak, as shown in Fig. 15(b) , which illustrates that the increase of K pv can improve the stability of the system; 2) if K iv continuously reduces from 0.2 to 0.01, the oscillations fall significantly, as shown in Fig. 15(c) , so the decrease of K iv can also enhance stability; and 3) with the decline of K pc (from 5 to 1), the system tends to be stable, as shown in Fig. 15(d) . As a consequence, the experimental results show that the increase of K pv and the decrease of K iv and K pc can all lower the oscillation, whose variation tendency is consistent with the theoretical analysis, which can further provide the guidance for parameter tuning of the controller. 
D. Adaptive Mitigation and Discussion
Summing up the above, the tuning of the controller parameters indeed can improve the dynamic performance and stability of the interaction system for the multiple train and lightload working condition, which contributes to regaining the matching relation between the controller and the controlled object, and then can be further selected as an effective and economic suppression technique, and provides the tuning direction and tendency in order to mitigate the LFO in the ac electrified railway. According to the background of the actual controller design, the train-network system should be able to keep up excellent dynamic performance and stability both for the rated working condition and the off-rated working condition. Therefore, it will be good if the controller should be able to select the different sets of parameters depending on the real-time load power. An adaptive mitigation method is proposed, whose flow diagram is shown in Fig. 16 .
The controller of the train-network system contains two sets of parameters: the one for the rated working condition is the original parameter based on the current value and the other one for the off-rated working condition can be obtained with the help of the analysis in Sections V-A-V-C, which could adaptively select the suitable parameters according to the actual load power. This adaptive tuning method of the controller for mitigating the LFO comprises the following steps.
1) Real-time detection of the load power, operational order, and elimination of the interference of short-term mutation factors; 2) If the load power P ≥ 1/48 P rate (or the operational order of the train is the normal traction), the controller of the traction converter adopts the set of parameters for the rated working condition; 3) Otherwise, if the load power P < 1/48 P rate and the operational order of the train is the preparation working condition, the controller of the traction converter adopts the set of parameters for the off-rated working condition; 4) The traction drive system operates under the control of suitable controller parameters. Then, the effect of this adaptive method can be verified from the experimental setup. In the experiment, the original parameters for the rated working condition follow the reference value (K pv = 0.7, K iv = 0.1, and K pc = 5), and the tuned parameters for the off-rated working condition adopt the values in Section V-C (K pv = 3.5, K iv = 0.01, and K pc = 2). The LFO can be mitigated using the tuned parameters under the condition of off-rated load power, and the whole process verification is shown in Fig. 17 . The results show that using an adaptive mitigation scheme to tune the parameters is effective to get rid of oscillations.
Summing up the above, the adaptive method could greatly improve the LFO only with a small change to the existing train-network system. The control strategy and structure are the same as the current one, so the engineering technicians are more likely to acquire this method. Thus, further cooperation with the engineers from the manufacturers of the train and Railway Bureau, in order to obtain more practical experience, will be the focus of the further work, which is significant to further guide the engineering mitigation of the LFO and has theoretical and practical meaning for the railway traffic.
VI. CONCLUSION
This paper introduces a mathematical model of the trainnetwork system to reveal the generation mechanism of LFOs in the ac electrified railway caused by the mismatch between the controller of the traction drive system and the actual controlled object. The proposed model taking into account the transient direct current control gives clear and easy access to the evaluation of how working condition and control parameter variation may affect the stability and the dynamic performance of the interaction system. It has been shown that the changes in operating conditions are actually instrumental to the amplification of the LFO, and when there are four or more trains connected to the catenary drawing only limited power, there are severe risks of occurrence of the phenomenon. The tunings of the controller parameters show that the increase of K pv and the decrease of K iv and K pc can all reduce the oscillation and improve the stability, whose results have been verified by simulations and experiments. Based on this, an adaptive mitigation scheme is developed, which can adaptively select the suitable parameters according to the actual load power in order to suppress the LFO. The proposed method can be implemented easily with minimal changes to the original system and thus improve the stability and the dynamic performance of the interaction system. APPENDIX See Table II. 
